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    Fully developed vertically downward two-phase flow of air-water mixture was investigated 
  on void distribution and average void fraction among the three basic flow regimes; bubbly, slug 

  and annular flows. The annular flow further was divided into two regimes of falling film flow 
  and annular drop flow. Test channel is in form of inverted U-tube and tests were carried 

  out at 100 tube diameters downstream from the curved part. Distributions of local void frac-
  tion were measured by means of a conductance needle probe method and the average void frac-

  tion was obtained from numerical integration of the measured local void fraction According 
  to the results, profiles of local void fraction in bubby and slug flows showed characteristic 

  natures with a peak in the middle region between the center and the wall of tube. The average 
  void fraction in downward flow depended greatly on the flow regimes. Accordingly correlation 

  for each flow regime was developed to predict the average void fraction, based on flow mech-

  anisms and experiments. The correlations were compared with experimental results for atmo-

  spheric air-water flow and showed satisfactory agreement. 

  KEYWORDS: downward two-phase flow, bubbly flow, slug flow, annular flow, falling 
  film flow, flow regime transition, void distribution, void fraction, fluid mechanics

    I. INTRODUCTION 

 Much effort has been directed to the study 

on two-phase flow in the last few decades. 

However, most of these studies have been 

concentrated on horizontal flow and vertical 

upward flow, and those on vertical downward 

two-phase flow are relatively scarce. The 

downward two-phase flow in pipes, channels, 

components etc. is frequently encountered in 

various industrial apparatuses. For instance, 

some kinds of boilers often incorporate tubular 

channels with downward flow in the structure. 

Further, safety analysis for small leak acci-

dents in a light water reactor requires the 

exact knowledge on downward two-phase flow 

phenomena. Also, heat exchangers planned 
on U-type tubes have been examined as aux-

iliary cooling heat exchangers for very high 

temperature gas-cooled reactors (VHTR)(1). 

Another interesting problem of downward

two-phase flow is seen in downcomers from 

the manifolds on offshore satellite platforms(2). 

Hence, in order to accomplish a reliable design 

of gas-liquid systems such as boilers, reactors 

and pipelines, clear understanding of the 

downward two-phase flow is needed for de-

signers and operators. 

 Main work on vertically downward two-

phase flow carried out to date would be as 

follows: Golan & Stenning(3) proposed flow 

maps for a vertical downward flow and a 

vertical upward flow, and made a comparison 

of them. Oshinowo & Charles(4) put flow 

regime into six regimes and correlated by 

means of volumetric gas to liquid velocity 

ratio and mixture Froude number incorporat-

ing the effect of fluid properties. Yamazaki 

& Yamaguchi(5) studied on flow regime, void 

fraction and pressure drop. In addition 

Barnea et al.(6) presented theoretically tran-
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sition criteria for flow regimes. Sekoguchi(7) 

and Takemura et al.(1) also proposed flow 

regime maps. Martin(8) measured the velocity 

of descending, stationary and ascending large 

bubbles for downward liquid flow in tubes 

with three kinds of inside diameters. For 

many industrial applications, especially, in the 

case of nuclear reactor technology, exact 

prediction of void distribution and average 

void fraction is very important. The study 

on void distribution in downward flow is pos-

sibly only that of Ohba et al.(9) in the bubbly 

flow. Although Yamazaki & Yamaguchi(5) 

proposed a correlation on the average void 
fraction, they did not give it for each of flow 

regimes. Reports on the average void fraction 

for each regime of downward flow have 

apparently not been published to data. 

  The present paper reports on a compre-

hensive experimental study of vertically down-

ward two-phase flow of air-water mixture. 

Feature of void distribution is clarified and 

correlations are proposed for cross section 

average void fraction between the three basic 

flow regimes; bubbly, slug and annular flows. 

 II. EXPERIMENTAL EQUIPMENT 

   AND PROCEDURE 

            The equipment used in the present study 

is shown schematically in Fig. 1. The test 

channel, made of transparent acrylic resin 

tubing is in form of inverted U-tube contain-

ing a riser and a downcomer connected by 

an inverted U-bend. Tests were mainly car-

ried out for two channels with inside diam-

eters of 16 and 24 mm. But, parts of test 

were also made for tubes with inside diam-

eters of 32 and 38 mm. The length of the 

riser or downcomer are given in Table 1 

presented later. The experiment was carried 

out with air-water two-phase flow system. In 

operation, the water pumped up from the 

storage tank (1) passes through rotameters 

®(3). The air fed from the compressor (11), 

passes through the air drier (12), pressure 

reducing valve (13) and rotameters (3), to the 

mixing chamber (5), where it mixes with the 

water. The air-water mixture through the 

riser (6) and bend (7) was discharged from the

downcomer (8) to the tank, from which the 

air was vented and the water was drawn by 

the pump (2) for recirculation. The flow rates 

of air and water are controlled by needle 

valves (4). The loop is operated around at-

mospheric pressure, at room temperature.

 A conductance needle probe was used to 

measure the distribution of local void fraction. 

The device is the same as that reported 

previously(11) and its principle is to measure 
the ratio of the periods of electrical contact 

between the probe tip and the gas to the 

sampling time. By using 1,000 Hz alternating 

current and a simple circuit, it was possible 

to measure the periods in which the tip was 

in contact with the gas. A trigger level for 

the probe signal was set at 35% of pulse 

amplitude above the all-liquid level. The level 

was determined by comparing the average 

void fraction obtained from numerical inte-

gration of the measured local void fraction 

to that measured with quick-closing valves

Fig. 1 Schematic diagram of ex-

    perimental equipment
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for the bubbly flow. The sampling time was 

30 to 60 s. The tip of the probe was made 

of 0.1 mm diameter stainless-steel wire whose 

outer surface was covered with polyester in-

sulation of about 0.01 mm thickness. The 

probe, mounted on a micrometer head, was 
arranged in a holder (9) that could be rotated 

about the tube axis, to permit measurements 

of distribution to be made in any direction 

across the tube cross section at measuring 

position. The holder was installed at 100 

tube diameters downstream from the bend 

exit (L/D=100), because nearly fully-developed 

downward flow was attained there as pre-

sented in APPENDIX. 

 III. EXPERIMENTAL RESULTS 

   AND DISCUSSION 

 1. Void Distribution and 

  Average Void Fraction 

 Photographs of typical flow regimes ob-

served in the downcomer with a 16 mm inside di-

ameter are shown in Photo. 1(a)~(f). Further, 

some typical examples of the void distribution 

measured for these flow regimes are shown 

in Fig. 2(a) for D=16 mm, and Fig. 2(b) for 

D=24 mm. The cross section average void 

fraction was obtained by numerical integration 

of the measured local void fraction over the 

whole cross section. Liquid droplets occur in 

high velocity annular flow. The amount of 

the liquid entrainment can not catch by means 

of the conductance needle probe used. How-

ever, the cross-sectional area occupied by 

entrained droplets in the tube is very small 

compared with that occupied by other parts 

(liquid film and gas). For this reason a parti-
cipation of entrained droplets with respect to 

the average void fraction can be neglected. 

 (1) Bubbly Flow 
 For the downward bubbly flow, bubbles 

have a tendency to move toward the center 

of the tube because of the lift force acting 

on bubbles caused by the velocity gradient in

Photo. 1(a)~(f) Flow regime in downward flow (D=16 mm) 
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 continuous liquid phase (Photo. 1(a) and (b)). 

Previously, some clear pictures of this coring 

phenomenon were taken also by Oshinowo & 
Charles(4) and Kamoshida et al.(11) If bubbles 

are round in shape, void fraction would be 

anticipated to have a maximum value at the 

tube axis, because of the lift force normal 

to the flow direction, in contrast with the 

saddle shape void profile in the upward flow 

which exhibits a sharp peak near the wall. 

However, void profiles measured at L/D=100 

did not show a centrally peaked distribution, 

exhibiting a high value at g/R=0.4 to 0.6 as 

seen in Fig. 2. There seems to be another 

factor governing the void distribution in 

addition to the lift force due to the velocity 

profile. The shape of bubbles changes easily 
according to the turbulence and velocity gra-

dient in the liquid phase as seen in Photo. 1 

(a) and (b). It changes the velocity field 

surrounding bubbles with a change in pres-

sure field. The change makes bubbles be apt 

to migrate toward the wall, making an at-

tempt to avoid the fast moving liquid in the 

central part of the tube. This behavior also 

appears markedly for the slug flow described 

later. It would be considered that a com-

petition between these effects causes a high

value in void fraction at g/R=0.4 to 0.6. 

 The correlation for bubbly and slug flows 

was developed on the basis of the drift-flux 

equation(12). Then the bubble velocity in de-

veloped bubbly and slug flows, is expressed 

by 

  uG(=jG/a)=Coj+VGj, (1) 

where j=jG+jL, (2) 

where j is the overall volumetric flux, jG and 

jL are the volumetric fluxes of the gas and 

the liquid respectively, and VGj is called a 

drift velocity of the gas, which is the bubble 

velocity minus the overall volumetric flux. 

The coefficient C0 is called a distribution pa-

rameter and expresses the fact that the bubble 

does not move relatively to the volumetric 

average velocity. Figure 3 shows the bubble 

velocity uG, which is plotted against j for 

various volumetric fluxes of the liquid. Data 

were compared with the formula for the 

churn-turbulent bubbly, vertically upward flow 

driven by Zuber & Findlay(12), which was 

given by Eqs. (3) and (4), and a solid line 

in the figure: 

 C0=1.2, (3) 

  VGj=1.53[sg(rL-rG)/r2L]1/4. (4)

Fig. 2(a),(b) Typical examples of void fraction distribution
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 This result shows that difference between 

the void profiles for the upward and down-

ward flows may have only a very small 

influence on the average void fraction. As a 

result, the average void fraction for the 

downward bubbly flow can be derived from

Eq. (1) using Eqs. (3) and (4). 

 (2) Slug Flow 
 From the visual observation (Photo. 1(c)) 

of downward slug flow, most gas slugs do 

not adopt the bullet shape of the type studied 

by Davies & Taylor(13). In many cases, large 

bubbles are distorted, taking a wedge shape 

whose end is quite round with small curvature 

of radius and is located close to the wall as 

pointed out by Nicklin et al.(14) and Griffith & 
Wallis(15). The leading lower end forms a 

frothy wake, which is caused by the liquid 

flowing down the surrounding of the gas slug. 

Bubbles flow down oscillating and often in a 

spiral motion along the wall. As a result, 

values of C0 and VGj in Eq. (1) are presumed 

to differ from those of the vertical upward 

flow. 

 In Fig. 4(a) and (b), the downward bubble 

velocity uG plotted against overall volumetric 

flux j is illustrated with the liquid volumetric 

fluxes jL as a parameter.

 Furthermore, in order to examine the 

velocity of only the gas slug in detail, the 

velocity of a large isolated bubble in down-

ward liquid flow was found by measuring the 

time for the bubble to move a given distance 

of 1 m. A typical photograph of the isolated 

bubble is shown in Photo. 2(a). The distor-

tion of the bubble in the downward flow is 

very severe and its shape is in contrast with

that of the Taylor bubble (Photo. 2(b)) rising 

in quiescent liquid. The length of bubbles 

examined was 3 to 7 tube-diameters. The 

results for four tubes with inside diameters 

of 16, 24, 32 and 38 mm are shown in Fig. 5. 

 According to Figs. 4 and 5, the relation 

between bubble velocity and overall volumetric 

flux or liquid volumetric flux is roughly linear. 

This suggests that the bubble velocity in both

Fig. 3 Descending bubble velocity (bubbly flow)

Fig. 4(a),(b) Descending bubble velocity (slug flow)
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the downward slug flow and the isolated 

bubble flow can be represented by Eq. (1). 

 The drift velocity VGj for the slug flow 

is generally expressed as 

(5) 

From results of Figs. 4 and 5, the values of

C0o and C1, which were given in Table 1, 

were obtained. As be seen there, the differ-

ence in bubble velocity between the slug flow 

and the isolated bubble flow is relatively small, 

so that the contribution for the bubble velocity 

of small bubbles between gas slugs in the 

slug flow can not be found from these results.

 The shape of a gas slug in vertical upward 

flow is symmetric with respect to the tube 

axis, and the velocity depends upon both the 

nose shape of bubble and the profile of liquid 

velocity, when gravity and inertia force 

govern the flow, being hardly affected by the 

length of the bubble. Nicklin et al.(14) have 

shown that the distribution parameter C0 can 

be identical with the ratio of maximum to 

mean velocity: C0 ?? 1.2. and the coefficient C1

is about 0.35 for the upward flow. Likewise 

in downward flow, the bubble velocity would 

be influenced by the shape of the bubble, 

especially that of tail part and its location 

relative to the velocity profile in the liquid 

slug. A peak on profile of local void fraction 

seen in Fig. 2(a) and (b) appears to show a 

location of the tail end of the large bubbles. 

 The coefficient C0 is approximately the 

ratio of the bubble velocity observed from

Photo. 2(a),(b) Shape of isolated 

      bubble (D=32 mm)

Fig. 5 Descending bubble velocity 

   (isolated bubble)

Table 1 Distribution parameter and drift velocity coefficient
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the coordinate moving at the drift velocity 

to the overall volumetric velocity. Conse-

quently, if the liquid velocity profile in the 
vicinity of the tail end is assumed by the 

power law, the distribution parameter would 
be 

  C0=C0(a0/R, Rej), (6) 

where a0 is the distance from the wall to the 

tail end of the bubble as shown in Fig. 6, 

R the radius of the tube, and Rej a Reynolds 

number defined by 

 Rej=jD/nL. (7) 

(N. B. In this paper, non-dimensional numbers with 
the volumetric flux will be taken as positive.)

 The result suggests that the values of 

a0/R are relatively insensitive to Rej within 

the range of the experiments covered. It also 

was about the same for Frj. In the present 

paper, the effect of the density ratio 

(rL-rG)/rL was not studied, since the experi-

ments were made only for the air-water 

mixture. In Fig. 8, therefore, the coefficient 

C0 were represented against E0 together with 

Martin's results(8). Considering that the value 

of C0 may approach 1.2 with decreasing E0, 

Eq. (7) was obtained empirically as 

  C0=1.2-1/(2.95 +350 E0-1.3). (10)

 From the dimensional consideration, the 

value of a0/R is expected to depend on Rej, 

a density ratio (rL-rG)/rL, a Froude number 

 Frj=j/rgD, (8) 

and an Eotvos number 

  E0=(rL-rG)gD2/s. (9) 

 Readings of a0/R taken from the profiles 

of local void fraction and the photographs 

are plotted in Fig. 7 against Rej. 

 In Fig. 9, experimental results for C1 are 

shown against E0 together with those of 

Martin(8) and Curtet & Djonin(8). In the re-

gion of low value of the Eotvos number the 

values of C1 are nearly the same as that for 

rising bubbles in stagnant liquid given by Eq. 

(11)(16), illustrated by a solid curve in the 

figure. 

  C1=0.345[1-exp{(3.37-E0)/10}]. (11) 

However, in the region of large Eotvos num-

ber, experimental values of C1 are in general

Fig. 6 Flow at tail part of large bubble

Fig. 8 Distribution parameter as a function 

    of Eotvos number

Fig. 7 a0/R as a function of Reynolds number

Fig. 9 Drift velocity coefficient as a 

   function of Eotvos number
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larger than by Eq. (11). This might be due 

to the effects of the shape of the gas slug 

and its location in the tube, but a definite 

conclusion was not able to be found out 

within the limits of data. 

 In the slug flow, as the gas flow rate is 

increased, the gas slugs become very unstable 

with increase in length and distortion. There-

withal, the liquid slugs also become unstable 

and collapse. The region with this phenom-

enon may be considered to be the churn flow 

(Photo. 1(d)). However, the boundary between 

the slug flow and the churn flow did not 

appear clearly in the change of average void 

fraction. Taitel et al.(17) characterized the 

churn flow as highly agitated slug flow. For 

these reason, in correlating the average void 

fraction, the churn flow was included in the 

slug flow, although in the visual observation 

its flow was distinguished from the slug flow 

for reference as shown in Fig. 2(b), and Fig. 

11 given later. 

 Data in the second quadrant, i.e. for 

counter-current flow with the gas flowing 

upward and the liquid flowing downward are 

shown in Fig. 10. At flow rates near jL=0, 

the liquid flow surrounding the gas slug is 

laminar. In this region, the slug did not 

tend to oscillate and was less eccentric about 

the tube axis. It was noted that, when the 

liquid flow changed from laminar to turbulent

flow, the bubble was distorted due to the 

turbulence that was set up in the liquid, so 

that its tail migrated toward the wall, locat-

ing off the tube axis. This behavior gave a 

increase of the bubble velocity in the transi-

tion zone as seen in Fig. 10. 

 (3) Annular Flow 

 In annular flow, the gas flows in the tube 

core and the liquid flows as a film adjacent 

to the tube wall. At low liquid and gas flow 

rates, the liquid appears to be falling and 

moving as a film on the wall (Photo. 1(e)). 

Such a falling film flow does not appear in 

the upward flow. At high gas flow rate, the 

flow takes the pattern of the "typical" annular 

drop flow (Photo. 1(f)) with the gas core con-

taining liquid droplets like the upward annular 

flow. According to the experiments, the 

average void fraction in falling film flow is 

almost independent of gas flow rate. In the 

annular drop flow region, however, as the 

gas flow rate increases, the average void 

fraction increases gradually. For the above 

reason, the annular flow was divided into two 

subregions of the falling film flow and the 

annular drop flow. 

 For steady annular flow, when a separated 

flow model of annular geometry is adopted, 

the force balance on each phase of gas and 

liquid yields(6)(16)(18) 

(12) 

(13) 

where P is the static pressure, L the axial 

coordinate, tw, the shear stress at the wall 

and ti, the interfacial stress. Further, upper 

signs in the equations are applied when the 

absolute value of the mean gas velocity is 

smaller than that of the mean liquid velocity 

and under signs are applied in the opposite 

case. The interfacial stress can be expressed 

by Eq. (14) following Wallis(16) and the shear 

stress at the wall is also expressed by Eq. 

(15) of similar type of Eq. (14): 

(14) 

(15)Fig. 10 Ascending bubble velocity (isolated bubble)
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where Ci is the interfacial friction factor, 

Cw the wall friction factor, and J(a) a function 

of the average void fraction, which is connected 

with the velocity profile in liquid film. When 

the liquid film have the turbulent profile 

explained by the 1/7-power law, J(a) is 

approximated by(16) 

 J(a)=(1-a)8/7. (16) 

Then, using Eqs. (12) to (16) one obtains 

  (1-a)23/7-2CwFr2L 

(17) 

in which FrL represents the Froude number 

based on liquid volumetric flux defined by 

  FrL=jL/rgD(rL-rG)/rL. (18) 

 If ti•stw, the regime is the falling film 

flow and then Eq. (17) takes a simple form; 

(19) 

According to results of the present and the 

published experiments, when jG and jL are 

small, a is nearly constant being independent 

of jG. If Cw=0.005, it is found that the 

agreement between the present data and Eq. 

(19) is very good as will be shown later. 

 As the gas flow rate increases, the influence 

of the interfacial stress cannot be disregarded.

Wallis(19) proposed an expression for the inter-

facial friction factor of upward annular flow 

as follows: 

  Ci=0.005[1+75(1-a)]. (20) 

 Although Eq. (20) was obtained from data 

for a>0.85, in the vertical upward flow, in 

the present paper an availability of this 

equation was also verified over a wide range 

of average void fraction for downward an-

nular drop flow. 

 2. Comparison with Experimental Data 

 Comparisons between correlations develop-

ed and experimental data on the average void 

fraction are presented in the form of the 

average void fraction against the ratio jG/jL 

for various volumetric velocities of the liquid 

in Fig. 11(a) for 16 mm I.D. and in Fig. 11(b) 

for 24 mm I.D., respectively. The curves 

representing the predicted behavior agree well 

with the experimental data. From these re-

sults significant influence on average void 

fraction is especially found to be imparted by 

differences in the flow regimes and the gas 

and liquid flow rates. This is due to the 

influence of the gravity prompting the sepa-

ration of the phase, so that the influence of 

the liquid flow rate appeared strongly as is 

evident from the formulas obtained here. This 

trend is especially marked at relatively low 

flow rates of both gas and liquid flows.

Fig. 11(a),(b) Average void fraction 
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 IV. CONCLUSION 

 An experimental study was performed on 

the void distribution and average void fraction 

for nearly fully-developed, vertically downward 

two-phase flow of air-water mixture. Feature 

of void distributions was clarified and corre-

lation formulas predicting the average void 

fraction were developed for each flow regime. 

The conclusions are as follows: 

(1) In bubbly flow region, the coring phe-
 nomenon of bubbles with a peak of void 

 distribution on the tube axis due to the lift 

 force was anticipated, but the measured 

 distributions did not shown the centrally 

 peaked shape, exhibiting a high value at 
 r/R=0.4 to 0.6. The peak would be ex-

 pressed by the competition between lift 
 forces due to the velocity profile in the 

 liquid slug and the change of the velocity 

 field surrounding the bubble caused by the 

 distorted bubble. 

(2) In slug flow region, most gas slugs took 
 a wedge shape with its tail part close to 

 the wall. This behavior caused a peaked 

 void distribution near the wall and affected 

 the bubble velocity. 

(3) The average void fraction in downward 
 flow highly depended on flow regimes com-

 pared to that in upward flow. It was 
 especially marked in the slug and falling 

 film flows. This is caused by the fact 

 that, in the downward flow, the direction 

 of the flow is the same as that of the 

 gravity and so is in opposition to that of 
 the buoyancy acting on bubbles. Conse-

 quently, correlations were obtained for each 
 flow regime. 

(4) The bubble velocity in developed bubbly 
 and slug flows was expressed by the drift-
 flux equation. In bubbly flow, both the 

 distribution parameter and the drift velocity 

 were about the same as those for the up-

 ward flow. In slug flow, however, the 

 value of distribution parameter differed 

 from that of the upward flow, and it was 

 given by a function of the Eotvos number 
 in the inviscid region. The average void 

 fraction in the bubbly and slug flows can

 be driven from these correlation formulas. 

(5) In annular flow, from the force balance 
 on each phase of gas and liquid, a formula 

 was obtained representing the relation be-

 tween the average void fraction and some 

 dimensionless numbers; the interfacial fric-

 tion factor Ci and the wall friction factor 

 Cw, the Froude number FrL, the ratio 

 jG/jL and rG/rL.

     [NOMENCLATURE] 

  a0: Distance from tail end of bubble 

  to wall (mm) 

  C: Friction factor 

  C0: Distribution parameter 
  C1: Coefficient 

  g: Gravitational constant (m/s2) 
 D: Diameter of tube (mm) 

 E0: Eotvos number defined by Eq. (9) 

     (=(rL-rG)gD2/s) 
 Frj: Froude number defined by Eq. (8) 

    (=j/rgD) 
 FrL: Froude number defined by Eq. (18) 

    (=jL/rgD(rL-rG)/rL)) 

  j: Volumetric flux (m/s) 

  J: Function defined by Eq. (16) 
  L: Distance from bend exit; 

    Length of riser or downcomer (m) 

DP/DL: Pressure gradient (Pa/m) 

  r: Distance from center of tube (mm) 

 R: Radius of tube (mm) 

 Rej: Reynolds number defined by Eq. (7) 

    (=jD/nL) 
 T: Temperature (dc) 

 u: Velocity (m/s) 

 VGj: Drift velocity (m/s)   a

: Local void fraction; 

     Average void fraction    n

: Kinematic viscosity (m2/s) 

 r: Density (kg/m3)   s

: Surface tension (N/m)   t

: Shearing stress (N/m2) 

 (Subscripts) 
  G: Gas phase, i: Interface 

  L: Liquid phase, w: Wall 
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   [APPENDIX] 

 Void Distribution in Downcomer 

 Following the previous study(10) on the void 

distribution in two-phase flow around inverted 

U-bend, measurements of axially changing 

profiles of the local void fraction over whole 
cross section of the tube were made in the 

downcomer. Figure A1 shows typical results 

at 75 and 100 tube diameters downstream of 

the bend.

 It can be seen from this figure that there 

is no significant difference between the two 

positions. Hence, it appears that the effects 

brought by the flow in the riser and the bend 

vanish almost at L/D=100 and nearly fully-

developed downward flow is attained there.

Fig. A1 Typical examples of void fraction 

  distribution in downcomer
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